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(54) Clathrate compounds and processes for production thereof 



(57) Group IV metal clathrate compounds compris- 
ing, as the structural unit of crystals. Me^ clusters (Me 
is Si or Ge) with each consisting of Me^ and Me 2 4 clus- 
ters having cage structures, where the Me 20 cluster 
encapsulate alkali metal (A) atoms and the Me 2 4 cluster 
encapsulates alkaline earth metal (Ae) atoms, and has 
a composition represented by the following formula: 



x 



A x Ae 6 Me46 



wherein 



A is Li 4 , Na, K, Rb r Cs; 
Ae is Ba, Sr or ca; 
Me is Si or Ge; 

x is the number ratio of A relative to the other ele- 
ments and is 0 x 2; 

when Me is Si and A is Na, K, Rb or Cs, Ae is Sr or 
Ca; 

when Me is Si and A is Li*. Ae is Ba, Sr or Ca; and 
When Me is Ge, A is Na, K, Rb or Cs and Ae is Ba. 
Sr or Ca. 

These clathrate compounds can show the proper- 
ties ranging from an insulator, a semiconductor, a con- 
ductor to a superconductor, by appropriately selecting 
the type of Ae as well as A. 




Si20 

A=Na^K/Rb t Cs 



Primed by Rank Xerox (UK) Business Services 
2.14.873.4 
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Other object of the present invention is to provide 
novel electronic materials with different electrical prop- 
erties, by encapsulating appropriately selected metals 
inside the cluster cage of the above clathrate com- 
pounds. 

The silicon or germanium clathrate compounds of 
the present invention capable of achieving the above 
objects include the followings: 

a silicon clathrate compound of the following com- 
position: 

AxAeeSi^ 

[wherein A is an alkali metal element selected from 
the group consisting of Na P K, Rb and Cs; Ae is an 
alkaline earth metal element selected from the 
group consisting of Sr and Ca; and x is the number 
ratio of the alkali metal element to other elements 
and 0 < x < 2], which comprises, as a structural unit 
of crystals, Si 46 cluster with each consisting of Si 2 o 
clusters and Si 24 clusters having cage structures 
formed by silicon atoms of the framework of the 
crystal, 

at least a part of said Si 2 4 clusters encapsulating 
alkaline earth metal atoms inside the cage, and 
optionally at least a part of Si 2 o clusters encapsulat- 
ing alkali metal atoms inside the cage; 
a silicon clathrate compound of the following com- 
position: 

(Li 4 ) 2 Ae 6 Si 46 

[wherein Ae is an alkaline earth metal element 
selected from the group consisting of Ba, Sr and 
Ca], which comprises, as a structural unit of crys- 
tals, Si 46 cluster with each consisting of Si 2 o clus- 
ters and Si 24 clusters having cage structures 
formed by silicon atoms of the framework of the 
crystal, 

at least a part of said Si 24 clusters encapsulating 
alkaline earth metal atoms inside the cage, and at 
least a part of Si 20 dusters encapsulating clustered 
Li 4 par Si 2 o cluster; 

a germanium clathrate compound of the following 
composition: 

A x Ae 6 Qe 46 

[wherein A is an alkali metal element selected from 
the group consisting of Na, K, Rb and Cs; Ae is an 
alkaline earth metal element selected from the 
group consisting of Ba, Sr and Ca; and x is the 
number ratio of the alkali metal element to other 
elements and 0 <, x <> 2], which comprises, as a 
structural unit of crystals, Ge^ cluster with each 
consisting of Ge 2 o clusters and Ge 24 clusters hav- 
ing cage structural formed by germanium atoms of 
the framework of the crystal, 
at least a part of said Ge 2 4 clusters encapsulating 
alkaline earth metal atoms inside the cage, and 
optionally at least a part of Ge^ clusters encapsu- 
lating alkali metal atoms inside the cage, so as to 
provide said composition; 



Each of the silicon or germanium clathrate com- 
pounds of the present invention has no crystal structure 
of the conventional sp 3 bond but has a crystal structure 
of the particular bond which is intermediate between 
s sp 3 bond and sp 2 bond, because it has, as the minimum 
structural units of crystals, clusters with each having 20 
silicon or germanium atoms and clusters with each hav- 
ing 24 silicon or germanium atoms. 

The silicon clathrate compound AjjAegSi^ of the 

10 present invention differs from the conventional silicon 
clathrate compound encapsulating a Ba atom in each 
Si 2 4 cluster unit, because the present compound encap- 
sulates an alkaline earth metal atom other than Ba in 
each Si 24 cluster unit. 

75 The present silicon clathrate compound 
_ -(Li 4 )2Ae & Si4 & encapsulating a lithiunxcluster consisting 
of four lithium atoms in each Si 2 o cluster unit and encap- 
sulating an alkaline earth metal atom in each Si 24 clus- 
ter unit, is different from the conventional silicon 

20 clathrate compound, because the present compound 
encapsulates a lithium cluster in each Si^ cluster unit. 

The present germanium clathrate compound 
AxAegGe^ having germanium as the framework of the 
crystal and is different from the conventional silicon cla- 

25 thrate compound. 

In the conventional techniques, it was thought that 
Ba is the only alkaline earth metal that can be encapsu- 
lated in the Si 24 clusters of silicon clathrate compound 
In fact, there is no report of any kind concerning the suc- 

30 cessful synthesis of a silicon clathrate compound 
encapsulating an alkaline earth metal (e.g. Sr or Ca) 
other than Ba, also in the experimental level. 

With respect to germanium clathrate compounds, 
no attempt has been made on the synthesis of any Ba- 

35 encapsulating clathrate compounds and, of course, no 
success has been reported. 

Thus, as the clathrate compound which has the 
bonding mode above and can actually be synthesized, 
only known has been AxBagSi^ using Si as the frame^ 

40 work element. 

In the conventional techniques, only a silicon clath- 
rate compound encapsulating Ba as an alkaline earth 
metal was synthesized. The reason is thought to be as 
follows. 

45 A 2 Ba 6 Si4s (A is Na or K) his been synthesized by a 
conventional process by preparing a ASi-BaSia solid 
solution (e.g. A 2 BaSi 4 ) having Si 4 clusters as the basic 
structure, from two types of starting materials. ASi and 
BaSi, beng followed by an alkali-removing treatment of 

so the solid solution with heating in vacuum to change the 
crystal structure into the clathrate [S. Yamanaka et al.. 
Fullerene Science & Technology, 3 (1), 21-28 (1995)]. 

The reason why, in the above, only Ba was encap- 
sulated as an alkaline earth metal and neither Sr nor Ca 

55 was investigated, is that only BaSi 2 , similarly to ASi, has 
a cubic crystal structure containing tetrahedral Si 4 clus- 
ters with each having the cage structure of four silicon 
atoms and thus a solid solution (a precursor to the cla- 
thrate compound) having Si 4 clusters as the important 
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DETAILED DESCRIPTION OF THE INVENTION AND 
PREFERRED EMBODIMENTS 

The Group IV metal clathrate compounds of the 
present invention have a basic crystal structure com- 5 
posed of Me46 clusters (Me is Si or Ge) each consisting 
of (1) Meao clusters of a dodecahedral cage of 20 silicon 
or germanium atoms and (2) Me 2 4 clusters with each 
having a tetradecahedral cage of 24 silicon or germa- 
nium atoms. io 

The first embodiment of the silicon clathrate com- 
pounds of the present invention has, as mentioned pre- 
viously, the composition represented by the following 
formula: 

15 

AxAeeSi^ 

wherein A is Na, K, Rb or Cs; Ae is Sr or Ca; and 
x is a real number of 0 to 2 and indicates the atom 
number ratio of A to other elements. 20 

When the above compound contains an alkali metal 
(A), the alkali metal atom is encapsulated in part or all of 
the Si 20 clusters. 

Therefore, the silicon clathrate compound of the 
first embodiment has the following three cases. 25 

I. No alkali metal atom is encapsulated in any Si 20 
cluster. 

II. There are two kinds of Si 2 o clusters, one kind of 
Si 2 o cluster(s) with each encapsulating alkali metal 30 
atoms and the other one(s) with each encapsulat- 
ing no alkali metal atom. 

III. Each of the Si 20 clusters encapsulates alkali 
metal atom(s). 

35 

Incidentally, when the alkali metal is Li, part or all of 
the Si 20 clusters can encapsulate a cluster composed of 
more than one Li atom, for example, a cluster com- 
posed of 4 Li atoms. When the alkali metal is other than 
Li, one alkali metal atom is generally encapsulated in 40 
one Si2o cluster. 

This is presumed to be because a Li atom has a 
significantly small ionic radius (0.76 A) as compared 
with those of other alkali metal atoms and each Si 20 
cluster can provide an enough space for encapsulating 45 
some members of Li atoms. Li 4 is the most stable clus- 
ter in Li. 

Hence, the second embodiment of the silicon clath- 
rate compounds of the present invention has, as men- 
tioned previously, the composition represented by the so 
following formula: 

(U 4 ) 2 Ae 6 Si46 

wherein Ae is Ba, Sr or Ca. 55 

The germanium clathrate compound of the present 
invention has, as mentioned previously, the composition 
represented by the following formula: 



A x Ae 6 Ge 46 

wherein A is an alkali metal; Ae is Ba, Sr or Ca; 
and x is a real number of 0 to 2 and indicates-the atom 
number ratio of A to the other elements. This germa- 
nium clathrate compound, similarly to the silicon clath- 
rate compound of the first embodiment has the 
following cases. 

I. No alkali metal atom is encapsulated in any Ge 20 
cluster. 

II. There are two kinds of Ge 2 o clusters; one kind of 
Ge^ cluster(s) with each encapsulating an alkali 
metal atom(s) and the other one(s) with each 
encapsulating no alkali metal atom. 

III. Each of the G e 2 p clusters enca psulates alkali 
metal atom(s). 

In the above-mentioned clathrate compounds of the 
present invention, the alkaline earth metal is encapsu- 
lated in the Me 24 clusters (Me is Si or Ge). 

The clathrate compounds of the present invention 
can be produced, for example, by the following proc- 
esses. 

A. Processes for product ion of silicon clathrate com- 
pounds 

First, an alkali metal (A) and Si are mixed, and the 
mixture is placed in a PBN or a tungsten container The 
tube is sealed in a stainless steel tube and heated under 
inert gas atomosphere lik Ar at 500-650°C to obtain an 
ASi compound. The heating can preferably be con- 
ducted by the use of, for example, an electric furnace. 

Next, an alkaline earth metal (Ae) and Si are mixed, 
and the mixture is heated to about 900-1, 200°C in an 
atmosphere of an inert gas, for example, argon to syn- 
thesize an AeSi 2 compound. The heating can preferably 
be conducted by the use of, for example* high-frequency 
induction heating. 

The above-obtained ASi compound and AeSi 2 
compound are mixed at a stoichiometric ratio of 2:1 and 
heated at about 6Q0°C to synthesize a ternary solid 
solution A2AeSi 4 . 

Finally, the ternary solid solution is heat-treated by 
controlling pressure with an inert gas under vacuum 
(20-200 Torr) in a heating furnace whose temperature 
can be controlled to 300-600°C very accurately, and is 
then subjected to distillation of alkali metals, whereby a 
desired silicon clathrate compound can be formed. 

Resulting products during the reaction can be eas- 
ily removed from the above-obtained product, because 
BaSi 2 , etc. produced as by-products are water-soluble 
and easily removable by a treatment with an acidic 
aqueous solution, and a desired silicon clathrate com- 
pound can be isolated in a pure form. 

The number ratio (x) of the alkali metal can be con- 
trolled by selecting an appropriate conditions. 

The alkali metal can be Na, K, Rb or Cs; and the 
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present invention, unlike conventional Ge crystals, can 
have a variety of properties ranging from insulator, sem- 
iconductors with different band gaps, metal to super- 
conductor, by appropriately selecting the type and the 
amount of the alkaline earth metal encapsulated. This 
suggests a possibility that a semiconductor device with 
high performance can be produced using germanium, 
alkali metals and alkaline earth metals, all of which exist 
in rich natural abundance on the earth and pose little 
public hazard and pollution problem. 

Further, the germanium clathrate compounds of the 
present invention, having a band with narrow disper- 
sion, show a large property change against external 
influences; that is, they can exhibit a sensing function 
not possessed in conventional clathrate compounds 
reported as far and- larger— giant wiagneta resistance^ 
than in conventional materials. 

The present invention is hereinafter described in 
more detail by way of Examples. 

Example 1 

A 1 :1 mixture of Na (230 mg) and Si (281 mg) was 
placed in a PBN container. The PBN was sealed in a 
stainless steel tube in an argon atmosphere and heated 
at 650°C for 5 hours to give rise to a reaction. The reac- 
tion system was cooled down to room temperature and 
the reaction product (NaSi) was taken out. The crystal 
form of the compound was examined by X-ray analyses, 
which showed a monoclinic crystal system (space 
group: C2/C). 

A 1 :2 mixture of Sr (440 mg) and Si (281 mg) was 
heated in an argon atmosphere by high-frequency 
induction heating at 30A (temperature: about 1,200°C) 
for 10 minutes to give rise to a reaction. The reaction 
system was cooled down to room temperature, and the 
reaction product (SrSy was yielded. The crystal form of 
the compound was examined by X-ray analysis, which 
showed a cubic crystal system (space group: 32P4 3 ). 

The above-obtained two compounds, NaSi and 
SrSi 2 , were mixed at a molar ratio of 2:1 and placed in a 
PBN container. The PBN was sealed in a stainless steel 
tube in an argon atmosphere and Seated at 650° C for 
48 hours to give rise to a reaction. The reaction system 
was cooled to room temperature and the reaction prod- 
uct was taken out. The product was a uniform solid solu- 
tion with a composition of Na 2 SrSi 4 , having a crystal 
structure similar to that of NaSi, i.e. Si 4 clusters exist as 
the basic structural unit of crystals. 

The solid solution was heated at 400°C for 150 
hours under vacuum of 20 Torr, whereby an intended 
clathrate compound with a composition of Na 2 Sr 6 Si 4 e 
was synthesized. 

The reaction system was cooled to room tempera- 
ture: and the reaction product was taken out. washed 
with 0.1 N hydrochloric acid and water in this order, and 
dried to obtain a purified product. The purified product 

was subjected to elemental analysis, which indicated 
Nai.8Sr 6 .iSi 46 . 



The purified product was also subjected to X-ray 
analysis, which confirmed that the product was a clath- 
rate compound showing an intended crystal structure. 
The properties of the compound were measured and 
5 found to be metallic and superconducting with a critical 
temperature of 4K. 

Example 2 

10 A 1 :1 mixture of K (696 mg) and Si (500 mg) was 
placed in a PBN container. The PBN was sealed in a 
stainless steel tube in an argon atmosphere and heated 
at 650°C for 5 hours to give rise to a reaction. The reac- 
tion system was cooled to room temperature and the 

15 reaction product (KSi) was taken out. The crystal form 
of the compound- was ^xarained-by X-ray analysis, 
which showed a cubic crystal system [space group: P-4 
(axis of four rotary inversions) 3n]. 

The above-obtained KSi compound and the SrSi 2 

20 synthesized in Example 1 were mixed at a molar ratio of 
2:1 and placed in a PBN cell. The PBN was sealed in a 
stainless steel tube in an argon atmosphere and heated 
at 650°C for 48 hours to give rise to a reaction. The 
reaction system was cooled to room temperature and 

25 the reaction product was taken out. The product was a 
uniform solid solution with a composition of K 2 SrSi 4 , 
having a crystal structure similar to those of NaSi and 
KSi. 

The solid solution was heated at 370°C for 120 
30 hours under vacuum of 50 Torr, whereby an intended 
clathrate compound having a composition of K 2 Sr 6 Si 46 
was synthesized. 

The reaction system was cooled down to room tem- 
perature; and the reaction product was taken out, 
35 washed with 0.1 N hydrochloric acid and water in this 
order, arid dried to obtain a purified product. The puri- 
fied product was subjected to elemental analysis, which 
indicated K 1 .gSr^Si^. 

The purified product was also subjected to X-ray 
40 analysis, which confirmed that the product was a clath- 
rate compound having an intended crystal structure. 
The properties of the compound were measured and 
found to be metallic and superconducting with a critical 
temperature of 3.5K. 

45 

Example 3 

A 1:2 mixture of Ca (201 mg) and Si (281 mg) was 
heated in an argon atmosphere by high-frequency 

so induction heating at 30A (temperature: about 1,200°C) 
for 10 minutes to give rise to a reaction. The reaction 
system was cooled to room temperature, and the reac- 
tion product (CaSi^ was taken out. The crystal structure 
of the compound was examined by X-ray analysis, 

55 which showed a trigonal crystal system [space group: 
R-3 (axis of three rotary inversions) m]. 

The above-obtained CaSi 2 compound and the NaSi 
synthesized in Example 1 were mixed at a molar ratio of 
1 2. and placed in a PBN cell. The PBN was sealed in a 
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placed in a PBN cell. The PBN was sealed in a stainless 
steel tube in an argon atmosphere and heated at 650°C 
for 48 hours to give rise to a reaction. The reaction sys- 
tem was cooled to room temperature and the reaction 
product was taken out. The product was a uniform solid 5 
solution with a composition of K 2 BaGe 4 , showing a 
crystal structure similar to that of KGe. 

The solid solution was heated at 370°C for 200 
hours under vacuum of 50 Torr, whereby an intended 
clathrate compound having a composition of 10 
KaBaeGe^ was synthesized. 

The reaction system was cooled to room tempera- 
ture; and the reaction product was taken out, washed 
with 0.1 N hydrochloric acid and water in this order, and 
dried to obtain a purified product. The purified product 15 
was subjected to elemental analysis, which indicated 
^ 9 Ba 6 ^Ge46. The purified product was also subjected 
to X-ray analysis, which confirmed that the product was 
a germanium clathrate compound having an intended 
crystal structure. The properties of the compound were 20 
measured and found to be a metal with an electrical 
conductivity of 500 Scrrf 1 . 

Example 7 

25 

A 1 :2 mixture of Ca (400 mg) and Ge (1 ,452 mg) 
was heated in an argon atmosphere by high-frequency 
induction heating at 30A (temperature: about 1 ,200°C, 
for 10 minutes to give rise to a reaction. The reaction 
system was cooled to room temperature, and the reac- 30 
tion product (CaGe^ was taken out. The crystal form of 
the compound was examined by X-ray analysis, which 
showed a crystal of space group = hR6. 

The above-obtained CaGe 2 and the NaGe obtained 
in Example 5 were mixed at a molar ratio of 1 :2 and 35 
placed in a PBN celL The PBN was sealed in a stainless 
steel tube in an argon atmosphere and heated at 650°C 
for 48 hours to give rise to a reaction. The reaction sys- 
tem was cooled to room temperature and the reaction 
product was taken out. The product was a uniform solid 40 
solution with a composition of Na 2 CaGe 4 , 
having a crystal structure similar to that of NaGe (except 
for the expanded lattice) but greatly different from that of 
CaGe 2 . 

The solid solution was heated at 400°C for 150 45 
hours under vacuum of 50 Torr, whereby an intended 
clathrate compound with a composition of Na 2 Ca 6 Ge 45 
was synthesized. 

The reaction system was cooled down to room tem- 
perature, and the reaction product was taken out, so 
washed with 0.1 N hydrochloric acid and water in this 
order, and dried to obtain a purified product. The puri- 
fied product was subjected to elemental analysis, which 
indicated Na 1 . 9 Ca6.iGe 46 . The purified product was 
also subjected to X-ray analysis, which confirmed that ss 
the product was a germanium clathrate compound hav- 
ing an intended crystal structure. The compound was 
measured for electrical conductivity, which showed that 
it is a semiconductor with a relatively small band gap 



(about 0.2 eV). . 
Example 8 

A 1 :2 mixture of Sr (876 mg) and Ge (1 ,450 mg) 
was heated in an argon atmosphere with a high-fre- 
quency induction method at 30A (temperature: about 
1 ,200°C) for 10 minutes hours to give rise to a reaction. 
The reaction system was cooled to room temperature, 
and the reaction product (SrGe 2 ) was taken out. The 
crystal form of the compound was examined by X-ray 
analysis, which showed a crystal of space group = 
oP12. 

The above-obtained SrGe2 and the NaGe obtained 
in Example 5 were mixed at a molar ratio of 1 :2 and 
placed in a PBN cell. The PBN was sealed in a stainless, 
steel tube in an argon atmosphere and heated at 650°C 
for 48 hours to give rise to a reaction. The reaction sys- 
tem was cooled to room temperature and the reaction 
product was taken out. The product was a uniform solid 
solution with a composition of Na 2 SrGe 4 , having a crys- 
tal structure similar to that of NaGe (except for the 
expanded lattice) but different from that of SrGe 2 . 

The solid solution was heated at 420°C for 150 
hours under vacuum of 50 Torr, whereby an intended 
clathrate compound having a composition of 
Na 2 Sr 6 Ge 46 was synthesized. 

The reaction system was cooled to room tempera- 
ture: and the reaction product was taken out, washed 
with 0.1 N hydrochloric acid and water in this order, and 
dried to obtain a purified product. The purified product 
was subjected to elemental analysis, which indicated 
Na n 5 Sr 6 3 Ge46. The purified product was also sub- 
jected to X-ray analysis, which confirmed that the prod- 
uct was a germanium clathrate compound having an 
intended crystal structure. The properties of the com- 
pound were measured and found to be a semi-conduc- 
tor with a relatively small band gap (about 0.1 eV). 

Claims 

1. A silicon clathrate compound of the following com- 
position: 

A x Ae 6 Si 46 

[wherein A is an alkali metal element selected from 
the group consisting of Na, K, Rb and Cs; Ae is an 
alkaline earth metal element selected from the 
group consisting of Sr and Ca; and x is the number 
ratio of the alkali metal element to the other ele- 
ments and 0 <. x <, 2], which comprises, as the struc- 
tural unit of crystals, Si 46 clusters, each of which 
consists of Si 20 clusters and Si 24 clusters with cage 
structures formed by silicon atoms as the frame- 
work of the crystal, 

at least a part of said Si 24 clusters encapsu- 
lating alkaline earth metal atoms inside the cage, 
and optionally at least a part of Si 20 clusters encap- 
sulating alkali metal atoms inside the cage. 
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Si20 

A =Na! K, Rb, 
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